We present the rst high spatial resolution radio observations of the Wolf-Rayet star WR146, obtained at 1.6 and 5 GHz with the MERLIN array. The 5-GHz observations resolve the source into two components separated by 116 14 milli-arcseconds (mas). The weaker (southern) source is identi ed as thermal emission arising from the stellar wind of the WR star and the stronger (northern) source, which is resolved with a diameter of 38 mas and a brightness temperature T b 10 6 K, as non-thermal emission. New infrared and millimetre photometry of WR146 are consistent with a stellar-wind origin for the southern radio component and allow us to estimate the distance to the WR star to be 1:2 0:3 kpc. We also present a blue spectrum of WR146, which shows evidence for absorption lines attributable to an OB type companion to the WC6 star. In these respects, WR146 is similar to the other Wolf-Rayet stars (WR125 and WR140) known to be non-thermal emitters. We suggest that the non-thermal emission arises from the interaction of the WR wind and that of its newly detected luminous companion. The observed size of the non-thermal radio emitting region is consistent with that expected from colliding wind theory. We estimate that the non-thermal emission is essentially unabsorbed by the stellar wind of the WR star, providing an unprecedented opportunity for studying colliding winds.
INTRODUCTION
Wolf-Rayet (WR) stars lose mass via fast ( 1000 ? 3000 km s ?1 ), dense stellar winds that are characterised by freefree emission. The emission is partially optically thick with a power-law spectrum of the form S / , with values of spectral index ( ) 0:7 ? 0:8 (e.g. see Williams 1995) . The observed values of spectral index are steeper than the value of 0.6 expected from a homogeneous spherically symmetric, steady-state wind (e.g. Wright & Barlow 1975) . It has been suggested that this is due to a radial dependence on the degree of ionisation in the emitting plasma (e.g. Williams et al. 1990a; Leitherer & Robert 1991) . A small number of WR stars have radio emission that exhibits high brightness temperatures, variability and negative spectral indices, properties that are characteristic of non-thermal emission and high-energy phenomena in the stellar envelopes. Amongst this group of stars is WR146 (MR112, HM19-3) (van der Hucht et al. 1981) . Herbig & Mendoza (1960) rst identi ed WR146 as a WR star (their WR3) and classi ed it as WC6. The abnormal breadth of its emission lines may have in uenced its subsequent reclassi cation as WC4 for the Sixth Catalogue of Wolf-Rayet stars (van der Hucht et al. 1981 ) but the WC6 classi cation has been con rmed in a recent examination of the classi cation of WC stars by Smith, Shara & Mo at (1990) . Eenens, Williams & Wade (1991) observed its spectrum in the infrared and found anomalously broad emission lines. In addition, the ratio of He ii/C iv was anomalously high for the star's spectral sub-type. An analysis of this spectrum by gave a C/He abundance ratio of 0.07, at the bottom of the range measured in their sample of WC stars.
Radio emission from WR146 was rst observed in a survey of compact sources in the galactic plane (Zoonematkermani et al. 1990) , and has a non-thermal spectral index of ?1:0 (Felli & Massi 1991) . Based on EVN and VLA observations, Felli & Massi hypothesised that the radio emission arose from two components: a thermal emitting stellar wind and a non-thermal component. They further suggested that the non-thermal emission region was 30 mas in diameter although this result may be compromised by source variability.
WR146 is the fourth WR star to be identi ed as a nonthermal radio source, joining WR125, WR140 and WR147 that were observed by Abbott et al. (1986) . The best studied of this small group is the WC7+O4 binary system WR140. Its non-thermal emission varies in phase with the binary motion, which is attributed to emission arising from particle acceleration where the WR and O4 stellar winds collide (Williams et al. 1990b ). In this model, the periodic fading of the non-thermal emission is caused by variable circumstellar extinction of the embedded non-thermal source by free-free absorption in the WR wind as the line of sight to the interaction region changes throughout an orbit. This model has been pursued theoretically by Eichler & Usov (1993) and used by and to determine the structure of the Wolf-Rayet wind.
Like WR125 and WR140, WR146 is a WC type star having a wind terminal velocity about 40 per cent higher than the reasonably tight correlation observed between terminal velocity and WC sub-type (Eenens & Williams 1994 ). In addition, Reddish (1968) suggested from the relative weakness of its emission line spectrum inferred from photometry through broad and narrow-band lters that WR146 might be a binary. These similarities with WR140 and WR125 lead us to propose that the non-thermal emission from WR146 arises from a colliding wind region where the winds of the WR star and a conjectured companion interact.
In one respect, however, WR146 resembles WR147 rather than WR140 and WR125: the non-thermal emission has not been observed (yet) to have dropped to a level below that of the thermal emission from the stellar wind of the WR star. This has been observed to occur three times in WR140 (Williams et al. 1990b; Williams, van der Hucht & Spoelstra 1994b ) and once in WR125 . Multi-epoch radio observations over 6 years (van der Hucht et al. 1995) show low-level variability but the ux levels are broadly consistent with the early observations of the system (Zoonematkermani et al. 1990; Felli & Massi 1991) . If the non-thermal emission arises from the interaction of two stellar winds, this suggests that the free-free absorption along lines of sight to the interaction region by the stellar wind enveloping the WR146 system is constant on a timescale of 6 years. This can be explained if the conjectured binary orbit is su ciently wide that the interaction region is located far out in the wind where the free-free opacity is small.
This model can be readily tested by observation. In a su ciently wide system, it may be possible to resolve spatially both the thermal and non-thermal components, as in WR147 (Moran et al. 1989) . Accordingly, we observed WR146 with the MERLIN array (Thomasson 1986 ) which has a nominal resolution of 40 mas at 5 GHz, corresponding to 40 AU at 1 kpc. In addition, we sought a blue optical spectrum to search for evidence of a hot companion star.
The results of these observations are presented in Section 2, along with new infrared and millimetre photometry. We use these data to determine the reddening and distance to the star. In Section 3, we use a colliding wind model to describe the observations.
OBSERVATIONS 2.1 MERLIN observations
The MERLIN observations were obtained on 1993 May 9 (L band, 1.6 GHz) and on 1995 April 28{29 (C band, 5GHz). The total, on-source integration times were 5 hours and 18 hours at 1.6 and 5 GHz respectively. These observations of WR146 were interleaved with frequent observations of the radio-bright quasar 2005+403 to allow initial calibration of the complex antenna-based gains by phase referencing. The absolute ux density scale was established by observation of 3C286, whose ux was assumed to be 13.639 and 7.309 Jy at 1.6 and 5 GHz respectively. The data were initially amplitude calibrated using MERLIN software. Phase calibration and mapping were then carried out with the NRAO AIPS software package. The ux of the WR146 is su ciently high at both 1.6 and 5 GHz that self-calibration was used to improve the dynamic range of the nal synthesised images which are shown in Figure 1 .
At 5 GHz, it is clear that the source consists of two components: a bright northern source (N) and a weaker southern one (S), separated by 116 14mas. The uxes and positions of the two features are given in Table 1 . We also give an optical position (O) measured from a sky survey plate (accuracy 1 arcsecond) by Eenens et al. (1991) . At 1.6 GHz, the source is unresolved and the integrated ux was 54:49 0:20 mJy.
To determine the size of N we analysed the 5 GHz visibility data directly. An image derived from observations taken with an interferometric array results from Fourier transformation of the 2D complex visibility data (u; v) that is a function of the baseline length of the array ( p (u 2 +v 2 )). For an unresolved source i.e. a point source, at the phase centre of an interferometer array, the real amplitude of the complex visibility is independent of baseline length, and equal to the total ux density of the source, and the imaginary amplitude is zero. However, in the case of a resolved source, the real visibility amplitude will vary with baseline distance.
After locating the peak of N at the phase-tracking centre of the image, we removed the ux contributed by S from the visibility data by generating a clean component model of S and using the AIPS routine UVSUB. The remaining visibility data were then binned into 14 concentric annuli, centred at (u; v) = (0; 0) and with radii / p (u 2 + v 2 ) (see Figure 2) . Clearly, the visibility decreases with baseline distance, indicating that the source is resolved. A Gaussian t to the real visibility amplitude as a function of baseline distance gives a source diameter of 38 1 mas. A similar analysis is not possible for component S since the rms noise in the visibility data of this source, even after binning, is too high. The source appears to be unresolved and we place an upper limit on its diameter of 53 mas.
The radio ux of WR146 is known to be variable, most et al. 1995) . This makes estimation of spectral indices from non-contemporaneous observations uncertain. However, if the 5 GHz ux at the time of our 1.6 GHz observation was comparable to that observed in 1995, as suggested by the WSRT observations, we estimate a spectral index of ?0:6. This compares well with the value ?0:7 from the mean 5 GHz and 1.6 GHz uxes in the WSRT observations (van der Hucht et al. 1995) . The spatial spectral index distribution, derived by dividing the 1.6 and 5-GHz images after reducing the 5-GHz resolution to that at 1.6 GHz, indicates that the spectral index at the position of component N is the same as that calculated above. This suggests that N is a non-thermal emitter. Though the long wavelength ux of WR146 is known to vary, there is additional evidence to show that N is non-thermal. First, N has a brightness temperature higher than expected from a freefree thermal emitting plasma. However, if N was a thermal emitter with an electron temperature of at least 10 6 K, the estimated X-ray ux would be a few orders of magnitude higher than the upper limit determined with ROSAT (Pollock, Haberl & Corcoran 1995) . Secondly, the WSRT data show that in observations spanning 4{5 years, the mean 1.6{ 5 GHz spectral index of WR146 has always been observed to be negative.
At the position of component S, the 1.6 { 5-GHz spatial spectral index values have risen to 0. In conjunction with the brightness temperature of 10 4 K, this suggests that the southern component is a thermal emission source. This remains to be rmly established by higher frequency observations (e.g. 22 GHz). 
Optical spectroscopy
Since earlier studies had apparently not shown the presence of absorption lines in the spectrum of WR146 (van der Hucht et al 1981), we sought to observe it in the blue. We expect the relative contribution from an OB-type companion to be greatest here because OB stars have steeper spectra than WR stars owing to the extended atmospheres of the latter. This strategy had been successfully applied in the case of another non-thermal radio emitter WR125 by Williams et al. (1994a) , who found an absorption spectrum in the blue.
The spectrum of WR146 was observed for us on 1994 November 11 with the Intermediate Dispersion Spectrograph (IDS) on the Isaac Newton Telescope (INT) in the La Palma Service Observing Programme. The R1200B grating and 1 arcsecond slit gave a resolution of 1 A as measured from the comparison spectrum. Four integrations of 1000 seconds each were combined and smoothed to 2 A resolution to give the spectrum in Fig. 3 . The S/N ratio in the combined spectrum is 16.
It is evident that the broad emission lines, so conspicuous at long wavelengths (see Eenens et al. 1991) , are all but washed out in this spectral region, indicating the presence of an additional source of blue continuum emission. That this comes from a hot companion is con rmed by the presence of absorption features, notably at the positions of H and H . The equivalent widths of these ( 0:9 A) are signicantly smaller than those ( 2:5 A) typical of the O stars in the Walborn & Fitzpatrick (1990) atlas. We ascribe this to veiling by the WR continuum having an intensity roughly twice that of the companion star. The di erence would be greater at longer wavelengths.
A formal spectral classi cation would have to be based on the He i 4144 / He ii 4200 equivalent width ratio (Conti & Alschuler 1971 ) but blending and the dilution by the WC6 spectrum do not allow us to measure this. Decomposition of the spectrum into its components and a proper classi cation of the OB star will require a higher S/N ratio spectrum. Early infrared photometry (Allen, Harvey & Swings 1972; Cohen, Barlow & Kuhi 1975) of WR146 is consistent with stellar wind emission. We began a programme of occasional re-observation in case WR146 should show episodes of dust formation as observed in WR140 (Williams et al. 1990b) and WR125 ). The observations were made in the Service Observing programmes of the United Kingdom Infrared Telescope (UKIRT), Hawaii and the Carlos S anchez Telescope (TCS), Tenerife. The observed magnitudes data are given in Table 3 . The photometric systems at the two observatories are very similar, both using the 3.8 m L 0 lter. The UKIRT observations were made through a 7.8 arcsecond aperture, e ectively excluding contribution from the nearby star BD +40 4243, 9 arcsecond to the East. However, depending on the guiding and seeing, there may have been some contribution from the BD star through the 15 arcsecond aperture used for the TCS photometry, thereby accounting for the 5{10% brighter magnitudes. The accuracy in JHKL 0 is 0:05 mag, except where magnitudes are marked with a colon, and in nbM where the uncertainty is 0:1 mag. We also observed the 1100-m ux from WR146 on 1991 March 21 and 1995 July 17 using the bolometer photometer, UKT14 (Duncan et al. 1990 ), on the James Clerk Maxwell Telescope (JCMT), Hawaii. The measured uxes were 31 10 mJy and 30 8 mJy respectively.
It is evident from our IR and millimetre photometry that the free-free emission from the stellar wind of the WR star in WR146, which is the principal contributor to the infrared-millimetre ux, has not varied signi cantly during the period of our observations. Our photometry is also consistent, within the limitations of comparing observations on di erent photometric systems, with the infrared observations two decades earlier by Allen, Harvey & Swings (1972) and Cohen, Barlow & Kuhi (1975) .
In Fig. 3 , we show the spectral energy distribution of WR146 using our IR-mm-radio data and the photographic photometry of Reddish (1968) . The data are corrected for reddening, adopting AV = 8:0 0:3. This was derived from comparison of the (V ? K) and (B ? K) colours with those of the WC8+O9 system, Velorum, which is assumed to be un-reddened. Despite the lower accuracy of photographic photometry, this extinction correction is fairly robust on account of the long wavelength baseline over which is it determined. Clearly, the radio emission from S is consistent with the thermal emission expected from the stellar wind of the WR star. If S is the thermal emission from the WR star, the 12-m{5-GHz spectral index is 0:78, similar to that ob- served in other WR stars (Williams 1995) . The di erence between this value and the spectral index determined from the 1.6 and 5-GHz images is readily explained by the low resolution of the 1.6-GHz image.
We can now use the photometry of WR146 to estimate its distance. To avoid uncertainty introduced by the substantial contribution of the companion star in the visible, as well as to minimise uncertainties introduced by the reddening, we use the infrared photometry. This can be compared with absolute magnitudes either of \normal" WC6 stars or of WR140. Despite being one spectral subtype later, WR140 may be a better match on account of the other similarities of its stellar wind. As will be discussed in detail elsewhere (van der Hucht et al., in preparation) , absolute magnitudes of WC6 stars estimated from their likely membership of stellar associations show a large dispersion, possibly because not all are members of the associations in whose elds they lie. Consequently, the \standard" WC6 absolute magnitude is very uncertain (MK = ?5:4 1:3). The middle of this range is close to the absolute magnitude (MK = ?5:65) of WR140 determined from the results of Williams et al. (1990b) . From these, we estimate a distance of 1:2 0:3 kpc for WR146. The position of WR146 is close to that of the bright star association Cyg OB2. However, our estimated distance to WR146 compared with the accepted distance to Cyg OB2 (1:7 0:2 kpc, e.g. Torres-Dodgen, Tapia & Carroll 1991) , together with the fact that WR146 lies outside the conventional boundaries of the Cyg OB2 association (Herbig & Mendoza 1960) , suggests that it may not be a member.
DISCUSSION
The 5-GHz image and the composite optical spectrum provide very strong support for our original proposal that WR 146 is a binary system and that the non-thermal radio emission arises from a colliding wind region. Although unequivocal proof that the stars with the WC6 and O spectra are members of a binary system instead of, for example, a lineof-sight \optical" pair falling within the spectrograph slit, will have to wait for determination of an orbit, we have no hesitation in discussing WR146 on the basis that it is a WC6 + O binary system. The WC6 star is known to have a fast (2900 km s ?1 , Eenens & Williams 1994) wind and the terminal velocity of a late O-type star wind is expected to be 1000{2000 km s ?1 (Prinja, Barlow & Howarth 1990 ). These two winds collide and are separated by a contact discontinuity, on either side of which there is a shocked region of gas. Electrons accelerated in these shocks are able to emit synchrotron radiation in the diluted magnetic elds of the hot stars (e.g. Eichler & Usov 1993) and we propose this as the origin of the non-thermal emission from WR146 i.e. component N.
The size of the wind interaction region and non-thermal radio source are determined by the distance rO of the contact discontinuity from the O star (Eichler & Usov 1993) . This The mass-loss rate of the WC star can be determined from the 5-GHz ux of the component S (Wright & Barlow 1975) . Using our distance determination, and values of mean charge per ion (Z = 1:6), number of electrons per ion ( = 1:5) and mean atomic weight ( = 4:5) from the analysis by , and adopting an electron temperature (T) of 10 4 K for the stellar wind, the mass-loss rate is 3:0 1:5 10 ?5 M yr ?1 . The large uncertainty is largely due to that in the distance. The mass loss rate of the O star is not known. Garmany (1988) cites values 10 ?6 M yr ?1 for late{O type stars which are not Of stars and we adopt 10 ?6 here, which is approximately 30 times less than the massloss rate from the WC star. This disparity in wind momenta makes rO a small fraction ( 0:11) of the separation and places the interaction region close to the O star. Since our model associates the interaction region with the component N, the O star is positioned at the same position angle as N from S but at a greater separation than the 116 mas projected separation of the radio sources.
Eichler and Usov estimate that the diameter of the nonthermal emission region is rO. We do not know the position of the O star relative to the peak of component N, nor the inclination of the orbit. However, if we assume that D 116 mas, rO 13 mas and the size of the radio source is 42 mas. This is consistent with our observation of the size of N (38 mas). If the inclination were high, and D signi cantly greater that 116 mas, the mass-loss rate of the O star would have to be smaller than assumed for the model to be consistent. It can be shown that the angular size of the \character-istic" radius (Wright & Barlow 1975 ) of a spherically symmetric, steady state stellar wind is given by ( ) = 1:23 10 4 S T 1=2 mas;
where S is in mJy and is in GHz. This gives an angular size of 15 mas at 5 GHz for the southern source, consistent with our observed upper limit of 53 mas for the diameter. The radial optical depth from this radius out to in nity is 0.244 (Wright & Barlow 1975) . In a n / r ?2 wind, the free-free optical depth varies as r ?3 , so that at 116 mas from the WR star the radial opacity to in nity should be 0:002 at 5 GHz. Thus, the non-thermal emission is e ectively unabsorbed by the WR stellar wind, providing an excellent opportunity to study the colliding wind region. In this model for WR146, the separation of the stars is su ciently great that it should be measurable with the Hubble Space Telescope, thereby providing essential input to modelling the colliding winds. At a distance of 1.2 kpc, the separation of the stars is 139 AU, depending on the inclination angle, implying a period 300 year for a 30 M system | a long wait for binarity to be con rmed with an orbit!
